We report the evolution of ZnO nanorods by metalorganic chemical vapor deposition on sapphire substrates and an investigation of their microstructure. Well-aligned ZnO nanorods with a high aspect ratio were grown on an interfacial layer with several types of defects at a lower reactor pressure. Planar defects such as stacking mismatch boundaries and inversion domain boundaries were formed in the interfacial layer during the coalescence of the islands, and finally constituted the side facets of the nanorods. Based on the microstructural changes and origin of the defects in the interfacial layers, we propose a model to explain the growth evolution of ZnO nanorods on sapphire substrates. © 2007 American Institute of Physics. ͓DOI: 10.1063/1.2794418͔
One-dimensional ͑1D͒ semiconducting oxide nanomaterials have attracted much attention because of their interesting optical, electrical, and magnetic properties which are distinctive from those of the conventional bulk materials.
1,2 In particular, ZnO nanorods having a direct band gap of 3.37 eV and an exciton binding energy of 60 meV have the potential to be used in practical applications in nanoscale laser diodes, sensors, varistors, and so on. [3] [4] [5] Moreover, wellaligned nanorods grown directly on the substrates without the assistance of a metal catalyst are required for many applications of ZnO nanorods in various areas. With regard to this, metalorganic chemical vapor deposition ͑MOCVD͒ has been demonstrated to be a promising tool for the synthesis of vertically well-aligned nanorods with uniform length and thickness. 6, 7 Although a lot of work has been reported on the catalyst-free growth of ZnO nanorods using MOCVD, their nanostructure growth evolution is not yet satisfactorily understood. In this letter, we report our attempt to explain the growth mechanism of MOCVD grown ZnO nanorods by taking into consideration their morphological and microstructural changes under different reactor pressures. In the heteroepitaxy growth of GaN and ZnO thin films having a wurtzite structure, the representative defects are threading dislocations ͑TDs͒ and planar defects ͑PDs͒ such as inversion domain boundaries ͑IDBs͒ and stacking mismatch boundaries ͑SMBs͒. 8, 9 We believe these defects have a huge impact on the evolution of the ZnO nanorods. Based on the microstructural changes and origin of the defects in the interfacial layers, we propose a model to explain the growth mechanism of ZnO nanorods on sapphire substrates.
1D ZnO nanorods were grown on sapphire substrates using a MOCVD system with a vertical cold-wall reactor. The growth of the ZnO nanorods was performed at 380°C for 30 min under different reactor pressures of 1, 3, and 5 Torr. Diethylzinc and pure oxygen gas were used as precursors. The flow rates of argon carrier gas and reactive oxygen gas were set to 10 and 50 SCCM ͑standard cubic centimeter per minute͒, respectively. The morphology of the ZnO nanorods was investigated by field emission scanning electron microscopy ͑FE-SEM͒ ͑JSM6700F͒ and transmission electron microscopy ͑TEM͒ ͑JEM 3010͒ operated at 300 kV. Figure 1 shows the morphology and microstructural evolutions of the ZnO layers deposited at different reactor pressures of 1 ͑sample A͒, 3 ͑sample B͒, and 5 Torr ͑sample C͒. Sample A showed vertically well-aligned nanorods with sharp tips and a high aspect ratio, which exhibited a uniform distribution with mean diameters and lengths of ϳ71 nm and 1.4 m, respectively ͓Fig. 1͑a͔͒. However, the nanorods become shorter and fatter when the reactor pressure was increased to 3 Torr ͓Fig. 1͑b͔͒, and at 5 Torr a ZnO thin film with a rugged surface morphology was observed ͓Fig. density of the islands was high at a low reactor pressure. The ZnO islands grown at 1 and 5 Torr for 60 s showed average widths of 19 and 47 nm, respectively.
Furthermore, to elucidate the relationship between the islands at the initial state and the final morphology of the nanorods, a detailed structural characterization was performed using TEM. The cross-sectional bright-field TEM images are shown in Figs. 1͑d͒-1͑f͒ . In all of the samples, an interfacial ZnO layer was observed between the nanorods and the sapphire substrate, which seemed to prohibit their direct growth in the absence of the interfacial layer. With increasing pressure, the thickness of the interfacial ZnO layer increased from 77 ͑sample A͒ to 180 nm ͑sample B͒. The variation in the thickness of the interfacial layer observed on the sapphire substrates was believed to be strongly dependent on the growth rate, which is controlled by the reactor pressure. The growth rate was high for the nanorods grown at a reactor pressure of 1 Torr, and the ZnO islands nucleated in the initial state grew preferentially along the c-axis orientation prior to the coalescence of the grain. On the other hand, the lower growth rate along the vertical direction observed in samples B and C resulted in the coalescence of the islands in the initial stage, which caused the formation of a large and thick interfacial layer. Thus, the formation of the broad nanorods with a low aspect ratio was attributed to the increased grain size in the interfacial layer at 3 Torr. The diffraction patterns ͑DPs͒ obtained with the beam direction of ͓2110͔ ZnO from the interface region revealed that the whole structures are composed of perfect single-crystal ZnO, and the epitaxial orientation relationships between the ZnO products and sapphire substrate are ZnO ͑0001͒ ʈ sapphire ͑0001͒ and ZnO ͑1010͒ ʈ sapphire ͑211 0͒. Many defects were also observed as dark lines almost perpendicular to the ZnO/ sapphire interfaces, as indicated by the arrow in Fig. 1 . The distance between the defects increased with increasing reactor pressure, which may have been directly related to the size and density of the islands at the initial stage. Threading dislocations are believed to be formed during the coalescence of islands at the initial stages of heteroepitaxial growth, based on the nucleation mechanism. 10 Figure 2͑a͒ shows the cross-sectional high-resolution TEM ͑HRTEM͒ image along the ͓211 0͔ ZnO zone axis of the ZnO/sapphire interface. The ͕0110͖ PDs started at the interface and stacking faults ͑SFs͒ on the ͑0002͒ plane were observed near the interface. To enable further analysis around the PDs, the enlarged HRTEM images of regions 1 and 2 of Fig. 2͑a͒ are presented in Figs. 2͑b͒ and 2͑c͒ , respectively. On the right-hand side of the ͕0110͖ PD ͑region 1͒, we can see a SF, which is right on the surface of the sapphire. The Burgers circuit around the PD determines the stacking disorder, and is equal to the displacement vector R I =1/6͗2203͘, which is one of the three SF vectors of the hcp structure ͑R I of type I, R II of type II, and R E of extrinsic fault͒ and has the lowest formation energy. 11 The corresponding SF changes the stacking sequence, from ABABABAB to ABABCBCB. Thus, the stacking sequence of the left-hand side of the PD is ABAB¯, while that of the right-hand side is changed to CBCB¯with the displacement of R I =1/6͗2203͘, and finally forms a SMB ͓Fig. 2͑b͔͒. Moreover, a second SF terminates the SMB, as shown in Figs. 2͑a͒ ͑region 2͒ and 2͑c͒ . These results were in good agreement with the SMB model proposed by Northrup et al. 12 Therefore, we proposed that the coalescence of the islands having different stacking sequences in the initial stage on the sapphire substrate is responsible for the appearance of the SMBs. On the other hand, the ͕0110͖ PD observed in region 3 of Fig. 2͑a͒ has the same stacking sequence around it, as shown in Fig. 2͑d͒ , and the columnar domains appear bright with g = ͑0002͒ and dark with g =−͑0002͒ in comparison with the surrounding matrix, as shown in Fig. 2͑a͒ . This characteristic corresponds to the atomic model of the IDB proposed by previous reports 12, 13 and the small section inside the rectangle of Fig. 2͑d͒ containing the PD was magnified in Fig. 2͑e͒ . The enlarged image allows us to distinguish the presence of a step on the surface of the substrate, which originated from the height difference of the surface atoms. Ruterana et al.
14 emphasized that IDBs are generated mostly at the surface steps, where they are shown to minimize the large misfit along the c axis. Therefore, the IDB formation observed in the ZnO grown on sapphire is ascribed to the inhomogeneous nature of the interface. However, since the width of inversion domains is very narrow ͑ϳ10 nm͒ and their density is low, the effect of the polarity inversion on structural change can be ignored. In contrast with the presence of only vertically aligned PDs in sample A, inclined PDs were observed in sample B, as indicated by the arrows in Fig. 3͑a͒ . The density of the inclined PDs was increased in the interfacial layer far from the interface. The HRTEM image shows that their boundaries were Considering the results concerning the microstructural changes at different reactor pressures and the origin of the defects in the interfacial layers, we propose a model to explain the growth mechanism of ZnO nanorods on sapphire substrates, as demonstrated in Fig. 4 . As observed from the top view SEM images, the high density islands at a reduced reactor pressure were nucleated on the sapphire substrate in the initial state and grew preferentially along the c-axis orientation prior to the coalescence of the grain. Their continuous growth led to the coalescence of these islands with different stacking sequences, resulting in the formation of planar boundaries between adjacent islands. These incoherent boundaries were considered to be the origin of the TDs and SMBs, as shown in the TEM results. Further growth led to the growth of the nanorods on the thin interfacial layer with the SMBs forming the side facets of the nanorods ͓Fig. 4͑a͔͒. In contrast, fat nanorods with a low density and a reduced aspect ratio were grown at an increased reactor pressure due to their enhanced lateral growth. After the nucleation, the larger islands with random size coalesced and defects were also formed at the boundaries. During the coalescence process, the larger islands grew continuously or ripened at the expense of the smaller ones, thereby exhibiting "Ostwald ripening" behavior, which caused the inclination of the vertical ͕0110͖ PDs. After the complete coalescence of the islands, nanorod growth commenced and the thick interfacial layer with the large grains was formed ͓Fig. 4͑b͔͒.
In summary, we demonstrated the initial growth behavior and resulting microstructural properties of ZnO products heteroepitaxially grown by MOCVD on sapphire substrates at different reactor pressures. Well-aligned slim ZnO nanorods with a high aspect ratio were grown at a lower reactor pressure, whereas less well-aligned fat ZnO nanorods with a low aspect ratio were grown at a higher reactor pressure. The microstructural investigations revealed the presence of PDs such as SMBs and IDBs in the interfacial layer. Based on the microstructural changes and origin of the defects in the interfacial layers, a model was proposed to explain the growth mechanism of ZnO nanorods on sapphire substrates. 
